We report the properties of a novel type of sub-proton scale magnetic hole found in two dimensional PIC simulations of decaying turbulence with a guide field. The simulations were performed with a realistic value for ion to electron mass ratio. These structures, electron vortex magnetic holes (EVMHs), have circular cross-section. The magnetic field depression is associated with a diamagnetic azimuthal current provided by a population of trapped electrons in petal-like orbits. The trapped electron population provides a mean azimuthal velocity and since trapping preferentially selects high pitch angles, a perpendicular temperature anisotropy. The structures arise out of initial perturbations in the course of the turbulent evolution of the plasma, and are stable over at least 100 electron gyroperiods. We have verified the model for the EVMH by carrying out test particle and PIC simulations of isolated structures in a uniform plasma. It is found that (quasi-)stable structures can be formed provided that there is some initial perpendicular temperature anisotropy at the structure location. The properties of these structures (scale size, trapped population etc.) are able to explain the observed properties of magnetic holes in the terrestrial plasma sheet. EVMHs may also contribute to turbulence properties, such as intermittency, at short scale lengths in other astrophysical plasmas.
I. INTRODUCTION
The term "magnetic hole" (MH) was first used by Turner et al. 1 who identified large dips in the magnetic field amplitude in the solar wind, in an otherwise undisturbed background. For a subclass of such events, sometimes described as "linear," the magnetic field direction remains unchanged through the event. From solar wind observations, these structures have sizes of tens to hundreds of proton thermal gyroradii, and are found predominantly in regions where the conditions are marginally mirror stable 2 . Similar MH structures, either as isolated events or as trains of structures, have now been observed across a wide range of plasma environments, in planetary magnetosheaths 3, 4 , cometary environments 5 , the solar wind 1, 6 and in the heliosheath 7 . The association of magnetic holes with regions of flow compression and enhanced perpendicular temperature anisotropy, such as the magnetosheath downstream of planetary bow shocks, indicates an association with the linear mirror instability with threshold β ⊥ /β > 1 + 1/β ⊥ , where β = 2µ 0 nk B T /B 2 . The mirror wave driven by this instability is non-propagating, has wavevector highly oblique to the magnetic field direction, is predominantly linearly polarized, and for high β has a higher growth rate than the cyclotron anisotropy instability, which is the competing low frequency instability driven by a perpendicular temperature anisotropy 8 . The observed sized of MH in the solar wind and planetary magnetosheaths corresponds to scales larger than proton thermal gyroradius, in agreement with the range of unstable wavelength found for the mirror instability 8 . The development of nonlinear mirror structures to form magnetic holes has been the subject of several studies. In a high β plasma the nonlinear evolution of the mirror instability can lead to the formation of both magnetic holes and peaks, depending on whether the plasma is linearly mirror stable or a) Electronic mail: c.t.haynes@qmul.ac.uk unstable (respectively) 4 . This appears to be tied to a bistability phenomenon, whereby nonlinear mirror structures which are magnetic holes can exist in a plasma which is below the mirror linear instability threshold. This behavior is found in both simulations 9 and fluid models based on anisotropic MHD with a Landau fluid closure 10 . Observations of magnetic holes in the solar wind and magnetosheath are consistent with them being non-propagating structures, such as mirror structures, but would be incompatible with dark soliton solutions of the Hall-MHD system 11 . In the context of coherent nonlinear plasma structures, it is interesting to consider whether there can be magnetic holes at smaller, sub-proton scales. Electron phase space holes have been long studied as examples of nonlinear solitary structures, either as solutions of the unmagnetized Vlasov-Maxwell system (BGK waves) 12 , the Vlasov-Poisson system 13 , or using fluid models 14, 15 . These structures depend for their existence on particle trapping in the electrostatic potential of the wave. A model of magnetic structure associated with electron phase space holes has been proposed by Treumann and Baumjohann 16 , in which an azimuthal electron current is driven by the E × B drift, enhancing the magnetic field at the center and reducing it outside. Simulations of the formation of electron phase space holes via the nonlinear evolution of the two stream instability 17 also show evidence of magnetic perturbations associated with these structures.
It is also possible to form magnetic structure at small scales, below the proton thermal gyroradius, via the electron mirror mode/field swelling instability [18] [19] [20] [21] . This instability occurs if the electron temperature is greater than the ion temperature, and requires a high perpendicular electron temperature anisotropy, T e⊥ ≫ T e . In some ways this instability is analogous to the mirror instability. A fluid approach based on electron-MHD has shown that soliton waves can be formed from the electron magnetosonic wave mode 22 , providing a way to form one-dimensional electron-scale magnetic structures.
In this paper we describe magnetic holes at sub-proton scales which are seen to form in two-dimensional particle-in-cell (PIC) simulations of turbulent relaxation. The role of reconnection in the evolution of turbulence in these simulations has been discussed in a previous work 23, 24 . We develop a model for the coherent magnetic hole structures and demonstrate that they can exist in a uniform, stable plasma, given certain criteria for their formation. This indicates that they are a new type of coherent plasma structure, that may exist in a variety of plasma regimes.
The magnetic holes found in the simulations are nonpropagating, and have a circular cross-section, with a diamagnetic azimuthal current provided by a population of trapped electrons in petal-like orbits. There is a mean azimuthal electron velocity at the edge of the magnetic hole, and for this reason we use the term "electron vortex magnetic hole" (EVMH) to describe them. They form out of magnetic field perturbations during the turbulent evolution of the simulation, and are associated with an increased perpendicular temperature anisotropy due to the trapped population. We show that the properties of EVMH are similar to those of sub-proton scale magnetic holes observed in the terrestrial plasma sheet 25, 26 . This article will be split into four sections. In the following section (Section II) we will describe the PIC simulation of turbulence, and examine the properties of the magnetic holes that form within it. In Section III we examine the composition of the diamagnetic current that sustains the EVMH, by investigating the types of electron orbit possible within these structures using a test particle code, assuming static electric and magnetic fields. In Section IV we will again use PIC simulations to initialize these structures in a self-consistent model, in the absence of turbulence.
II. TURBULENCE SIMULATIONS
In this section we describe the formation and properties of EVMHs as found in PIC simulations of turbulence. These simulations use the code Parsek2D 27 . This code uses the implicit moment method for time advance of the electromagnetic fields, and a predictor-corrector method for the particle mover. The implicit method allows larger time steps and box sizes compared with explicit PIC methods, which are usually constrained (for numerical stability) by the condition ω pe ∆t < 2, where ∆t is the time step, and ω pe is the electron plasma frequency. Also Parsek2D allows a relaxation of the CourantFriedrichs-Lewy (CFL) condition c∆t/∆x < 1, where c is the speed of light and ∆x is the cell size, the time step is ∆t = 0.05Ω
e , where Ω e is the electron gyrofrequency. The code allows cell sizes larger than a Debye length λ D , and in these simulations ∆x = ∆y ∼ 17λ D . The code is two dimensional in the x-y plane but retains all three vector components for velocities and fields. The electron-proton plasma is initially loaded with a uniform, isotropic Maxwellian distribution. The simulation box is 200 × 200 cells, with periodic boundary conditions and 6400 simulation particles per cell for each species. This large number of particles reduces the statistical particle noise so that the dynamic range in Fourier space is large enough to resolve the formation of a turbulent cascade. The simulation box is sized to resolve wave vectors ranging from kρ e = 0.1 to kρ e = 10, where k is wave vector and ρ e the thermal electron gyroradius. The box length is about 1 ion inertial length, and the electron gyro-motion is resolved with ∼ 3 cells per electron gyroradius (based on the initial guide field strength). The ratio of ion plasma frequency to ion cyclotron frequency ω pi /Ω i is about 1650, and the ion to electron mass ratio is physical with m i /m e = 1836. The ions and electrons are initialized at the same temperature β e = β i = 0.5. The simulation was run for a total period of t = 200Ω −1 e . We initialize the simulation with a magnetic guide field B 0 perpendicular to the simulation plane, in the z-direction, and add random long wavelength magnetic field fluctuations, using the same parameters as previous work 23, 24 . No spectral slope is imposed on the fluctuations, which comprise of all three components for wave vectors k x = 2πm/L x and k y = 2πn/L y for m = −3, . . . , 3 and n = −3, . . . , 3. The initial electric field is zero, but the abrupt perturbation of the magnetic field acts to initialize the self-consistent evolution of the turbulent decay after a short period at the start of the simulation. The development of turbulence has been discussed in earlier work 24 . In Fig. 1 we plot the parameter |E + v e × B| which in ideal, two-fluid MHD should be equal to zero. Hence, the magnetic field should be frozen into the electron fluid under these conditions, and therefore areas where |E+v e ×B| shows large departures from zero will highlight where non-ideal (kinetic) effects are taking place. These effects could be caused by large currents, pressure gradients, wave activity, and any non-fluid-like behavior of the electrons and/or ions. Figure 1 clearly shows, using this parameter, that two circular kinetic features have formed in the PIC simulation. Both of these features are coherent structures which remain relatively static in their appearance throughout the simulation, although they slowly drift in the x-y plane as the simulation progresses.
The structure on the left is persistent, is present from near the start of the simulation, and is likely a result of the initial field perturbation/shape in that location. The circular feature on the right hand side of Fig. 1 A. Plasma parameters within the structure Figure 2 shows plasma parameters in the local region of the structure on the right hand side of the simulation box as shown in Fig. 1 . In all panels in-plane magnetic field lines are plotted as black contours, with the color shading showing the value of different parameters. Figure 2(a) shows the out-ofplane magnetic field, B z , and the direction of electron bulk velocity is shown by magenta arrows. The structure is clearly characterized by a depletion in B z of ∼ 50%, so we are justified in calling the structure a magnetic hole. Electron flow is in a circular anti-clockwise direction within the hole, much like a vortex, and therefore we shall refer to these structures as electron vortex magnetic holes (EVMHs).
Figure 2(b) shows the electron temperature, T e , within the EVMH and Fig. 2(c) shows the magnitude of current density, J. These panels show that the depletion in B z corresponds to a region of hot electrons. The current density in the region shows a characteristic ring shape. The vertical line in Fig. 2 ) shows the shape of the depletion in B z between ±300λ D . This appears to be approximately sinusoidal in form (we will examine this later in Section III). B x and B y are approximately constant within the structure. The depletion of B z is ∼ 50% at the hole's center. As the system evolves the reduction in B z becomes larger. The magnetic field outside the hole makes an angle of ∼15
• to the z-axis (see Fig. 3(b) , at +300λ D , θ ∼ arctan(1.6/0.4)) which increases to ∼60
• at the center of the hole (θ ∼ arctan(0.6/0.3)). The electron number density increases slightly within the hole (Fig. 3(c) ) but does not appear to be completely anti-correlated with the field strength. The initial background simulation density was set to 10 particles per cm 3 . The 1-D density cut shows local fluctuations of ±10%, but the density within the hole peaks at +20%. Figure 3 (d) shows the contribution to current density from both species, and the magnitude of the total current density, J. The ring-shaped current is clearly visible as two sharp peaks in the current cross section, each at approximately ±200λ D from the hole's center. The radius of the hole, determined from this current density cross section, is ∼ 300λ D .
The magnitudes of the current density components show that the current is entirely generated by electron flow, as the J e line (red) and J line (blue) completely overlap, and ion current (green) is negligible. Figure 4 shows the details of the temperature and pressure properties of the EVMH. Both temperature and pressure are shown in simulation units (T e → T e k B m e c 2 , andP i →
, P e → P e 1000 m e ω 3 pe c
, and magnetic pressure P B =B 2 /8π). lar electron temperature anisotropy, T e⊥ /T e , (Fig. 4(b) ) increases within the EVMH from ∼ 0.7 − 0.9 outside the structure (cf. Fig. 7 ) and increasing to ∼ 1.4 inside the EVMH, remaining roughly constant between ±200λ D around its center. Figure 4 (c) shows electron pressure, P e (red), ion pressure, P i (green), magnetic pressure, P B (blue) and total pressure, P t (black line). This figure shows that there is a reduction in total (plasma plus magnetic) pressure within the structure, which is mostly due to the reduction in magnetic pressure within the hole where the total field strength is reduced ( Fig. 3(a) ). The magnetic pressure within the hole drops below both the electron and ion pressure. This results in a value of plasma beta, β, of ∼ 5 within the EVMH, whilst outside the hole plasma beta remains at ∼ 1.
Figure 4(d) shows the off-diagonal terms of the electron pressure tensor. These terms appear to become important within the EVMH as P xz (green) takes on a large negative value, which is non-symmetric. Figure 4 (e) shows the main components of the pressure tensor, rotated into the local par-allel (to B) and perpendicular directions. This confirms that there is an increase in perpendicular pressure within the structure, as both the P ⊥1 (green) and P ⊥2 (blue) lines are larger than the parallel pressure (red). The clear difference in the P ⊥1 and P ⊥2 values indicates non-gyrotropic behavior. The peaks in P ⊥1 correspond to the peaks in current in Fig. 3 , and therefore shows an increase of in-plane pressure due to the ring-shaped current.
This information indicates that the magnetic holes are being formed by a population of hot, possibly trapped electrons in the region, as there is little ion movement within the structure given the timescale of the simulation. The anti-clockwise electron drift (as indicated in Fig. 2(a) ) would have a diamagnetic effect, and cancel out the magnetic field strength in the out-of-plane direction, hence the reduction in B z .
B. Electron velocity distributions and particle tracking. (Fig. 2(c) ) the bulk velocity must be mainly in the negative x direction for the flow to be anti-clockwise. This pattern holds for all four VDFs, with Each distribution shows a main peak, slightly offset in the opposite direction to the overall drift, and a plateau with extended tail of electrons in the appropriate anti-clockwise direction. To illustrate this, an effective cross section of the distribution in box A is shown in Fig. 6 . The data in this figure shows the maximum value of each column of data in the VDF for box A (Fig. 5 ). Since this VDF is roughly symmetrical around v y = 0, it gives an impression of the cross section of this distribution along the v x direction. The main peak and plateau are clearly visible in Fig. 6 . The main peak appears to be approximately Maxwellian. The excess electrons populating the plateaus, in any of the four boxes, will have a higher perpendicular velocity than particles populating the core, as the guide field is approximately in the z direction.
In order to investigate the dynamics which have formed this structure, electrons were selected from the main peaks of all four boxes (A, B, C and D) and from a central location on each plateau, and their trajectories recorded from times t = 100Ω Fig. 2(c) .) The direction of the in-plane magnetic field is shown by a black arrow. The small black cross represents the electron bulk velocity. hole. The EVMH is also slowly moving, from right to left, so its exact center was tracked by searching for the minimum value of B z in the region over the times of interest. Electron trajectories are plotted in a frame relative to the center of the magnetic hole, in order to look for trapped electrons. An example trajectory is shown in Fig. 7 which shows an electron from the plateau region of the VDF from Box B (Fig. 5) .
In Fig. 7 the black lines show the electrons relative trajectory. Note, that data was recorded at every 10th cycle, hence the jagged appearance in places. The white circle indicates the approximate size of the magnetic hole. The green cross shows the relative start location of the electron, and the blue cross shows its last recorded position. The background color shows a 2D map of electron perpendicular temperature anisotropy, T e⊥ /T e , at t = 200Ω −1 e , showing that the highest perpendicular anisotropy corresponds to the region where the electron is trapped. Figure 7 shows that the electron initially follows a (relatively) stationary circular orbit, trapped along the left hand side of the hole, and then it eventually falls into a petal-like orbit with a guiding center motion clockwise relative to the vortex center. It is clear from this orbit, that only electrons with a gyroradius approaching that of the EVMH, can be influenced by it in this way. Electrons above a certain energy have the potential to enter these trapped orbits, as they sample reduced fields towards the holes center and increased field at its edges during a single gyro-orbit, the net effect being a drift perpendicular to the radial direction, and can be described as a cylindrically symmetric gradient drift. We have examined 676 electron trajectories from the plateaus of the VDFs of all four boxes in Fig. 2(c) . Most of them show similar petal shaped orbits, but they are not always completely trapped. Some, like the electron in Fig. 7 do not initially interact with the structure, but they eventually become trapped. Others initially interact, and can escape after time. Therefore they appear quasi-trapped.
However, the drift of these trapped electrons is incompatible with the required direction of current, which is anti- clockwise, as shown in Fig. 2(a) . In an EVMH field structure as the one seen here, ∇|B| points in a direction from the center towards the edges of the EVMH. (See the vectors drawn in Fig. 7 .) The direction of the gradient drift velocity, v ∇B , is in the direction ±B × ∇|B|, where the ± should be applied for the charge of the particle in motion. With the guide field out of the simulation plane, this results in a clockwise drift for an electron.
The total current is not due to the drift of any one electron, but it is due to the the collective motion of these trapped electrons, in combination with the gradient in T e⊥ along the outer edge of the structure. We can infer the collective effect of many such trajectories by examining Fig. 7 and consider that at the same moment in time, that there is an electron at every point of the plotted trajectory that will follow the same path. The trajectories along the radial direction often come close to electrons moving radially in the opposite direction, so their contribution to overall current will cancel. The contribution of trajectories along the outer edges of the "petals" are only reduced by non-trapped electrons outside the structure. This is because of the increased perpendicular anisotropy within the hole. Electrons with a center of gyration outside the hole have lower perpendicular energies, and their trajectories will not cancel all of this current at the edge of the "petal". This explains how a thin anti-clockwise ring-shaped current could be formed from this type of petal orbit. In order to create a much wider ring-shaped current, many different sized/shaped trapped orbits would be required within the MH at any one time.
An analysis was performed on a group of electrons from the plateaus of the VDFs (Fig. 5 ) in order to confirm that these electrons are quasi-trapped within the MH. A total of 3076 electrons were used to generate images that revealed their dis-tribution in space as the EVMH moved. Animations show that they have a circular distribution in space, matching the size and position of the EVMH, confirming they are (quasi) trapped. This evidence suggests that the quasi-trapped electrons are responsible for the ring shaped current in the EVMH. The hypothesis being that radially directed parts of the trajectories of the electrons within the hole are cancelled out by the presence of oppositely directed electron trajectories. Only azimuthal directions contribute to current at locations, such as at the edge of the petal orbits where no oppositely directed trapped orbits exists, and the non-trapped electrons outside the hole have lower energies so that the current at these locations cannot completely cancel. In order to show this a more idealized analysis of the types of trapped orbits is required.
III. TEST PARTICLE EXPERIMENTS
In Section II B the orbits of the particles suggested that the collective effect of trapped or quasi-trapped electrons may be responsible for the ring-shaped current, as seen in Fig. 2(c) . To test this hypotheses, a test particle code was developed that uses static magnetic and electric fields to calculate the trajectory of an individual particle, in order to categorize the various electron orbits near/within an EVMH.
A simple magnetic hole configuration was set up similar to those seen in the 2D turbulence simulations (Section II). The magnetic field was directed in the x-z plane, at an angle of 15
• to the z-axis, with a total magnetic field strength set to the arbitrary value of 1. Electric fields were set to zero. A circular magnetic hole was imposed in the simulation plane, with a quarter-period sinusoidal radial profile and a 50% drop in B z at its center, compared to B z outside the hole, consistent with Fig. 3 . The radius of the hole, R H , was set to match that seen in the turbulence simulation, which was ∼ 300λ D , or ∼ 6ρ e . The electron thermal Larmor radius, ρ e , was determined in the test code by setting the value of electron beta, β e , equal to 0.5 and assuming isotropic temperature. Velocities are normalised to the speed of light, c, and time is normalised to the electron plasma frequency, ω pe . The electrons were initially positioned randomly within a radius twice that of the EVMH, so that the behavior of electrons entering or escaping the MH and those trapped inside could be investigated. Initial velocities were also randomised, using an isotropic Maxwellian distribution function so that statistical data could be gathered. Electron trajectories were calculated and recorded for a maximum of 200 gyroperiods (1256Ω −1 e ), or until the electron was ∼ 7R H away from the center of the hole, in order to reduce unnecessary calculation time for electrons that are not trapped and escape the hole. The timestep, ∆t, used to calculate each particle's position and velocity was chosen such that 200 steps were calculated for every gyroperiod.
This analysis showed that there are several types of electron trajectory possible near a MH. The first are trajectories that are not trapped by the MH. An electron's perpendicular velocity, v ⊥ , initial position and direction are all important factors determining if it will become trapped. When an electron's v ⊥ is small, such that its gyroradius is considerably smaller than the MH radius, R H , then the MH only slightly deflects the electrons path and it does not become trapped. If an electrons position is outside the hole and its initial velocity is such that it gyrates away from the hole, then it will also not become trapped.
We also found example electron trajectories that are quasitrapped by the MH. These can be split into two types, those whose orbits are not entirely contained within the MH, but do not escape and electrons that are significantly diverted/reflected by the MH but eventually escape. These electrons have larger v ⊥ than electrons classed as not trapped. This supports the theory suggested in Section II B that electrons with Larmor radii approaching that of the hole radius are more likely to become trapped by it.
The final class of electrons are those that that are fully trapped within the MH, as shown in Fig. 8 . These have similar v ⊥ to the quasi-trapped electrons, but have initial positions and directions, so that the electrons can form "petal" shaped orbits. The trajectories in Fig. 8(a) and (b) most closely resemble the example trajectory seen in the turbulence simulation in Fig. 7 . The relative magnitudes of the electron perpendicular velocity, v ⊥ , can be inferred from the radii of their gyration. It is clear to see that the electron in Fig. 8(a) has a smaller v ⊥ than that in Fig. 8(b) , and it forms a trajectory with more petals, and takes a larger number of gyroperiods to process completely around the MH. Figure 8(c) shows that initial position and velocity is also a factor, as given the correct conditions, highly symmetrical trajectories can be produced. Our analysis also shows that completely circular trajectories without forming petal-shaped orbits are possible.
Whilst examining trajectories can help us to understand the basic electron dynamics and individual behavior within an EVMH, we also used a statistical approach in order to better characterize the population of trapped electrons in these structures. A test was developed that determined automatically whether a particle was part of the trapped population. This was done according to the following rules: If the electrons final position is within a square box of length four times the EVMH radius (centered on the hole) after 200 gyroperiods, then the particle is considered trapped. This ensures that quasi-trapped particles that can orbit considerably outside the hole are considered part of the population, whilst those that eventually escape are discounted. Additional checks also ensure that electrons with extremely small gyroradii are not classed as trapped as they do not contribute much to the current within the MH.
In order to build up statistics that are comparable to the PIC studies (Section II), we use a similar number of test particles as in the previous simulation: a hole radius of 17 cells with 6400 particles per cell, results in ∼ 6 × 10 6 super-particles in the EVMH. Our initial work with the test code showed that ∼ 10% of test particles become trapped, so to be able to demonstrate the shape of any instantaneous current due to trapped electrons, we would like to have trapped trajectory data for ∼ 6 × 10 5 electrons. The statistical data we show used an initial population of 3 × 10 6 electrons, initially distributed randomly within a radius of 2R H , with velocities set to an isotropic Maxwellian distribution. This results in a speed distribution that ranges from ∼ 0 − 4.5v th . Using the selection method described above, the code recorded ∼ 2 × 10 5 trapped electrons, which is of the order of the number required for comparison with the turbulence simulation. The speed distribution of the total number of electrons (red), and trapped population (blue) is shown in Fig. 9(a) . This graph confirms that the initial population was in a Maxwellian distribution. Plotting the fraction of trapped electrons (Fig. 9(b) ) confirms the earlier statements that the larger the velocity, the more likely the particle will be trapped in the EVMH, as the histogram follows a smoothly increasing curve. The maximum fraction of trapped electrons is 12%, with an average of 7.3%. Figure 9 (c) shows how the trapped population changes for a smaller sized MH with radius R H ∼ 3ρ e . This shows that an EVMH is selective, and has a preferred energy range for electrons it can trap. This makes physical sense, as particles with larmor radii approaching or greater than the hole radius should only be deflected by the hole rather than enter into trapped, petal-like orbits. This trend is not visible in Fig. 9(b) because of the lack of test particles at higher energies, as set by the Maxwellian distribution.
Particles with |v|/c > 0.055 are not shown in Fig. 9 as the fraction becomes statistically unreliable, producing erroneous data spikes. The total number of electrons in each bin shown in Fig. 9(a) is greater than 1000. We now examine the initial pitch angle, defined as arctan(v ⊥ /v ), of the trapped electron population. The Maxwellian distribution algorithm produces an initial distribution of pitch angles peaking at 90
• in a sinusoidal form. Figure 10 shows the ratio of the number of trapped particles to the number of total particles in each angular bin. This shows a distinctive peak, that is symmetric around 90
• , meaning that particles with a large ratio of v ⊥ to v are more likely to get trapped. Therefore, within the EVMH, there will be an increase in the number of electrons that have a high value of v ⊥ . This, as we have seen in Fig. 4 , will result in an increase in perpendicular pressure, and therefore T e⊥ within the hole. This also explains why a high value of T e⊥ /T e was observed within these EVMH structures in Figs. 4 and 7 .
To see if the collective trajectories of these trapped particles could be responsible for the ring-shaped current, a series of 2D histograms was created using the test particle code. A square box, 4R H wide was centered around the EVMH and divided into 40 × 40 square cells. After the position of a test particle was calculated, its location within this grid was determined and various velocity sums calculated for each grid point, (e.g. J x ∼ v x = N v x ) in order to build up a picture of the instantaneous current these trapped electrons could create. Figure 11 (a) shows the magnitude of the total current calculated from the population of trapped electrons binned into a 2D histogram, at t = 94Ω
−1 e . This shows that the combination of multiple trapped orbits sum to form a distinctive ring current, mostly contained within the radius of the magnetic hole (∼ 6ρ e ). This matches the form of current seen in the turbulence simulation in Fig. 2(c) . A similar histogram (not shown) that sums only the azimuthal component of the electrons in-plane velocity, also forms a similar ring shape. A histogram (not shown) that sums only the radial component of velocity, does not form a ring-shape, but instead is circular, with values approximately 1/10th that of the total current. This confirms the hypothesis made at the end of Section II B that the radial parts of the electron trajectories within the MH cancel out when the average current is calculated, and it is the azimuthal component that is the strongest contributor to the overall current. The out-of-plane magnetic field that would be induced by this current was calculated using the equation J ∼ ∇ × B, and the in-plane components of current shown in Fig. 11 , using an integration method. The ring-shaped current creates a circular depression in the B z component of the magnetic field (not shown). A cross section of the initial B z profile and the induced B z is shown in Fig. 12. A weighting of 0.0032 was applied to each test particle in order to match the depth of the B z depletion.
Due to the fact that test particles can travel outside the hole radius and still remain trapped, the induced B z profile is slightly wider than the initial hole width. This is only an estimate of what fields might be produced in a self-consistent model. There will be electrons, not trapped, gyrating outside the hole (not included in this calculation of current) that form opposing currents at the outer edges of these trapped orbits, which would alter (perhaps reduce further) the amount of B z depletion at the edge of the structure. However, the similarity of the original imposed field profile and that inferred from the trapped particles suggests that it might be possible for electrons trapped in such a structure to find a stable (or quasistable) Vlasov equilibrium. Figure 11 (b) shows a similar 2D histogram as Fig. 11 (a) but sums the electron counts in each bin location at the same timestep. This value will be proportional to number density multiplied by a weighting factor. This shows a high density of trapped electrons at the center of the EVMH, gradually reducing with circular symmetry towards the outer edges of the hole. This matches the previous observation in the turbulence simulation of increased electron density in the EVMH center in Fig. 3(c) . The increased electron density in the region suggests that there should also be an increased ion density in the EVMH in order to maintain charge neutrality, for E = 0, but the electron test particle analysis does not provide any information about this. The data in the turbulence simulation in which these were first observed, suggests that there was a corresponding ion density increase in the area, but this is of the order of the other random density fluctuations in the simulation. It is difficult to say whether this increased ion density is a crucial factor in the formation of an EVMH. To investigate if an EVMH can be formed, and reach a natural Vlasov equilibrium, without the presence of turbulence, a series of self consistent simulations were performed.
IV. SIMULATIONS OF ISOLATED STRUCTURES
We now show results from PIC simulations, using Parsek2D 27 , designed to recreate a simple EVMH in a quiet uniform plasma. Using PICs code in this way is a useful method of finding a Vlasov equilibrium when analytical solutions are hard to derive. The intent is to show that an EVMH can be "seeded" within the plasma by adjusting the initial properties of the plasma in a localised area. The simulations were initialized with the same plasma properties as in the initial turbulence simulation (Section II), but in a smaller box with a size of ∼ 1/2 ion inertial length, and an increased number of particles per cell (10000).
A number of PIC simulations were run, designed to examine what plasma properties are required in order for an EVMH to achieve an equilibrium. These tests showed that a depletion in magnetic field strength alone was not enough to seed a stable EVMH. A stable vortex also required an increase in perpendicular electron temperature anisotropy within the same region.
In the simulation results shown here, the magnetic field is configured with similar properties used in the Section III. The domain has a quiet magnetic field set at 15
• to the z axis in the x-z plane. This was seeded with a circular, half sinusoidal drop in the B z component of magnetic field, with a maximum drop at its center of 50%. The ions were initialized with isotropic Maxwellian velocity distributions. The thermal velocities of the electrons were adjusted to produce a perpendicular temperature anisotropy of 0.8 outside the hole, and 1.4 inside the hole. These parameters were successful at form- e . The vertical line shows where cross sections of the parameters will be taken. ing a stable MH, which remains stationary at the center of the simulation. Figure 13 shows the simulation results at time t = 250Ω −1
e . Panel (a) shows the circular depletion in B z and Panel (b) shows the current density within the vortex, which again has a characteristic ring shape. The vertical line, as in Section II A, shows the location where a cross section of plasma parameters will be taken. Overall, the final configuration is remarkably similar to that seen in the turbulence simulations (Fig. 2) . Figures 14 and 15 show cross sections of the properties of the EVMH through the line shown in Fig. 13(c) , in the same style as Figs. 3 and 4 . These show a 40% reduction in B z (Fig. 14(b) ) and a ∼ 3% increase in electron density within the structure (Fig. 14(c) ). The current is again formed by electron flow, as the J (blue) and J e (red) lines completely overlap ( Fig. 14(d) ). Figure 15 (a) shows the increased electron temperature within the hole, and Fig. 15(b) shows the increased perpendicular temperature anisotropy. The magnetic pressure reduces below the electron and ion pressure (Fig. 15(c) ) as seen in Section II A. Nonsymmetric off-diagonal terms are again present in the pressure tensor (Fig. 15(d) ), and the difference in the P ⊥1 and P ⊥2 components of the pressure tensor show nongyrotropic behavior. An increase in ion density (not shown) matching that of the electrons is also present in the MH, which implies that an electrostatic potential has been set up in the region, in order to reach a stable equilibrium. In order to see if this was the case, the in-plane components of electric field, E x and E y were integrated in order to calculate the electrostatic potential, Φ, using the equation E = −∇Φ. This showed that a negative potential has been created within this EVMH. This means that positively charge particles would actually lose potential energy as they enter this region, and are attracted/accelerated into the area. This explains the increase in ion density in the region, which matches the electron density in the hole. No similar potential was observed in the turbulence simulations (Section II) which suggests that this is not a requirement for EVMH formation, and is likely a result of not achieving the exact same solution of the Vlasov equation, as seen within turbulence.
Calculating the electron VDFs reveals similar distributions to those seen in Section II B. Particle tracking also shows a range of trapped trajectories, of both the petal and circular type. Electrons with higher perpendicular velocities tend to circular, whereas lower energy electrons follow petal shaped orbits, as discussed in Section III. These simulations show that a circular sinusoidal magnetic depletion in B z can form an electron structure, in Vlasov equilibrium that is stable over many electron gyroperiods. This structure will only be stable if it is populated by electrons with a higher perpendicular temperature anisotropy that those outside the EVMH. Previous simulations have demonstrated that electron temperature anisotropy can fluctuate within turbulence, and that sub-ion-scale reconnection can produce localised regions of high parallel temperature anisotropy 24 . Therefore EVMHs can naturally form within plasma where magnetic field strength is depleted in areas of high T e /T e⊥ .
V. CONCLUSIONS
We have presented the results of 2-D simulations that show coherent nonlinear magnetic structures can form within subproton-scale plasma turbulence with a guide field. The structures are circular, have a depletion in B in the guide field direction, and contain a population of hot electrons with a characteristic ring shaped current density. These "magnetic holes" are ∼ 300λ D or ∼ 6ρ e in radius. The current density is entirely formed by mean azimuthal electron flow, and thus we call them electron vortex magnetic holes (EVMHs).
The EVMH structures have a high perpendicular electron temperature anisotropy within them, and an electron density increase of ∼ 10%. There is a dip in total pressure, P t in the region, resulting in increased values of β within the hole. Magnetic pressure is seen to dip below both the ion and electron pressure. Off-diagonal terms of the pressure tensor are non-zero, and non-symmetric, and the pressure tensor rotated into the parallel and perpendicular directions shows nongyrotropic behavior. Particle VDFs show a Maxwellian-like part of the distribution and an additional population of high v ⊥ current-carrying electrons, forming a plateau and extended tail in the distribution function. Tracking particles confirms that these electrons are trapped within the hole, and trajectory plots show that they follow petal-shaped orbits. These orbits are the result of the reduced B z field in the region, and are similar to orbits produced by electrons drifting in a magnetic field gradient, where the field gradient here is circularly symmetric. An analysis of groups of particles from various parts of the VDFs confirmed that the higher-energy electrons were a group of trapped electrons, potentially responsible for the circular ring current in the region, as they collectively followed the circular form of the vortex as the MH drifted in space.
Test particle simulations were used to demonstrate the different types of trapped trajectories which are possible within a static, circular sinusoidal depletion in magnetic field. For an ensemble of test particles one can calculate the effective current and density that they would produce (assuming some particle weighting). Assuming the test particles have a Maxwellian velocity distribution at some temperature, each type of orbit contributes to the instantaneous current with the EVMH. We showed that these collectively form a ringshaped current within the MH. The ring-shaped current has a diamagnetic effect, and can induce a similarly shaped magnetic field to the initial drop in B z , implying a solution to the Vlasov equation might be possible in a self-consistent field model. Using a statistically significant number of particles, we showed that ∼ 7% of test particles become trapped, and that the probability of a particle being trapped was increasing with the magnitude of its velocity. We also showed that EVMHs selectively trap electrons of a certain energy range, as the trapped electron distribution develops a peak for smaller hole radii. We also found that particles with 90
• pitch angles are most likely to be trapped within these structures, and a small increase in the electron density should be observed within the structure due to the overlapping orbits of the trapped electron population.
We then showed that we can seed a stable EVMH in a self-consistent PIC simulation with a "quiet" plasma background, using a perturbation consisting of a circular drop in B z and increase in perpendicular electron temperature anisotropy within the hole. These results show that B z induced by these trapped electrons appears to reach a quasistable solution, at least on sub-proton timescales, so that an EVMH can exist without the presence of turbulence. The trapped population of electrons within the MH generates a negative electrostatic potential, which attract ions into the region, allowing an increase in electron density and corresponding ion density increase. However, no negative potentials were seen in the holes within the turbulence simulations which suggests that this potential is not a necessary requirement for the stability of an EVMH.
A recent survey in the Earth's plasma sheet by Sun et al. 26 showed that sub-proton scale MHs were common occurrences. The observed population had a range of sizes, with a peak in the frequency distribution at 0.5ρ i , where ρ i is the ion thermal larmor radius. These events also showed an increase in electron energy flux at a pitch angle of 90
• inside the MHs, indicating that electron dynamics could play an important role in their formation. The simulated EVMHs in this paper have a diameter of ∼ 0.3ρ i and are therefore consistent with their findings. The increase in electron flux is also consistent with the findings of Section III that 90
• pitch angle particles are more likely to be trapped. A detailed multi-spacecraft analysis by Sundberg, Burgess, and Haynes 28 of sub-proton-scale MHs in the plasma sheet shows that the Sun et al. 26 observations closely match the predictions of EVMHs as described in this paper, whilst ruling out many other formation theories. In future work we will investigate what factors determine the radius of an EVMH, and how large they can be.
We conclude that the EVMHs described in this paper provide a theoretical model for the sub-proton-scale MHs seen in the terrestrial plasma sheet, and may also be applicable to subproton-scale magnetic holes observed elsewhere in the heliosphere. These coherent structures may also affect turbulence statistics, such as intermittency, at electron scales and could be relevant for many types of astrophysical plasmas.
